The study aimed to elucidate areas involved in recognizing tool-associated actions, and to characterize the relationship between recognition and active performance of tool use.
Introduction
The ability to recognize common tool-associated actions performed by others is fundamental for a wide range of activities. Although seemingly simple and effortless, action recognition (AR) is a multilevel process that involves the analysis of spatiotemporal features like hand shape or movement trajectory, but also the appraisal of conceptual aspects such as the semantic relationships between tools, objects, and actions (Kilner et al. 2007; Hamilton and Grafton 2008; Hickok and Hauser 2010; Hoeren et al. 2013) . For example, we notice immediately when our child is holding the spoon incorrectly, but we also cannot help finding it unusual when someone is drinking tea out of a beer mug.
Deficits affecting the ability to recognize skilled tool-and object-associated actions (e.g., hammering or cutting) may result from focal brain damage particularly when the left hemisphere is involved (Duffy and Duffy 1975; Varney and Damasio 1987) , and may co-occur with apraxia, a cognitive disorder of skilled movements not explained by basic motor disturbances such as weakness or ataxia (Heilman et al. 1982; Rothi et al. 1986 Rothi et al. , 1991 Goldenberg 2013) . Apraxic patients are typically impaired in their ability to perform gestures demonstrating the use of common tools, or to use actual tools (Cubelli et al. 2000; Leiguarda and Marsden 2000; Buxbaum 2001; Goldenberg 2009 ). The association between AR and action production (AP) deficits in patients with left-hemisphere damage was interpreted as an indicator of (partly) overlapping anatomical correlates (Heilman et al. 1982; Rothi et al. 1986; Buxbaum et al. 2005) .
Two basic forms of apraxia may be distinguished with respect to tool-associated actions Johnson-Frey 2004) . Ideomotor apraxia is characterized by spatio-temporal errors (e.g., incorrect functional hand configurations, abnormal amplitude, or timing), and is thought to result from damage to stored action representations (or "engrams") (Heilman et al. 1982) that are acquired by experience and specify "how" skilled actions are typically performed (Rothi et al. 1991) . Conceptual apraxia, however, is marked by a loss of knowledge about "what" to do with different tools and objects. Affected patients are unable to associate tools with their typical actions (e.g., attempting to write with scissors) or with their prototypical recipients (e.g., using a toothbrush to clean hands) (Ochipa et al. 1989; Rothi and Heilman 1997; Hanna-Pladdy et al. 2001; Goldenberg 2013) .
Combining insights from behavioral studies with neuroanatomical data, a recent framework proposed that ideomotor and conceptual forms of apraxia result from damage to distinct leftlateralized "processing streams", that is, networks of cortical regions connected by association fibers (Rizzolatti and Matelli 2003; Rijntjes et al. 2012; Binkofski and Buxbaum 2013; Hoeren et al. 2014; Vingerhoets 2014; Martin et al. 2015) . Extending the original anatomical and functional definition established for object recognition (Ungerleider and Mishkin 1982; Goodale and Milner 1992) , conceptual apraxia was associated with damage to a "ventral stream" (Hodges et al. 1999; Hoeren et al. 2014; Martin et al. 2015) . Based on results not only from toolassociated actions (Hoeren et al. 2013; Vry et al. 2015; Martin et al. 2016 ), but also from other neuropsychological domains (Hickok and Poeppel 2007; Rauschecker and Scott 2009; Kümmerer et al. 2013; Musso et al. 2015) , the term "ventral stream" as used in this context refers more broadly to pre-and post-rolandic regions connected by fiber tracts coursing below the Sylvian fissure (i.e., inferior fronto-occipital and uncinated fascicles, and extreme capsule); according to this definition, the ventral stream, therefore, includes regions such as anterior temporal lobe (ATL) and anterior inferior frontal gyrus (see e.g., Weiller et al. 2009 Weiller et al. , 2011 Rijntjes et al. 2012 for details). By contrast, ideomotor apraxia was linked to lesions within the ventral part of the dorsal stream (Goodale and Milner 1992 ) (i.e., the ventro-dorsal stream) which, via arcuate and superior longitudinal fascicles, traverses from posterior middle and superior temporal cortex to the inferior parietal lobule (IPL), and from there, to the ventral premotor cortex (vPMC) (Daprati and Sirigu 2006; Pisella et al. 2006; Kalénine et al. 2010; Vry et al. 2012 Vry et al. , 2015 Vingerhoets 2014; Hamzei et al. 2015) . Dissociations between error subtypes in patients with ideomotor apraxia (e.g., between functional hand postures and action kinematics) have suggested that the ventro-dorsal stream stores action representations in a distributed fashion (Buxbaum et al. 2014 ); however, due to variable results, the precise alignment between different spatio-temporal features and areas such as the IPL or the lateral temporal cortex (LTC) has remained controversial (Sirigu et al. 1995; Buxbaum et al. 2005 Buxbaum et al. , 2007 Buxbaum et al. , 2014 .
Despite these advances, it has remained unclear whether the functional dissociation between ventral and dorsal streams for the processing of conceptual and spatio-temporal action features extends to AR. While the largely overlapping functional magnetic resonance imaging (fMRI) activity registered in healthy individuals during observation and production of toolassociated actions may suggest a common neuroanatomical basis (Rizzolatti and Craighero 2004; Lewis 2006; Gallivan et al. 2013; Orban and Caruana 2014) , behavioral dissociations between AR and AP deficits in brain lesioned patients have suggested distinct neural correlates (Bartolo et al. 2001; Halsband et al. 2001; Negri et al. 2007; Rumiati et al. 2009 ). In addition, lesion studies on AR yielded heterogeneous results. Impaired recognition of spatio-temporal action features was associated with posterior parietal (Heilman et al. 1982; Buxbaum et al. 2005; Kalénine et al. 2013 ), but also with posterior temporal damage (Kalénine et al. 2010) . Moreover, deficient matching of observed tool-use gestures to images of tools was related to lesions within parietal (Ferro et al. 1983; Rothi et al. 1985; Varney and Damasio 1987) , inferior frontal (Ferro et al. 1983) , and posterior temporal regions (Varney and Damasio 1987; Kalénine et al. 2010; Tarhan et al. 2015) . Finally, while several studies discussed a potential impact of lesions to "ventral" and "dorsal" fiber tracts (see above) on the performance of toolassociated actions (Heilman et al. 1982; Hoeren et al. 2014; Martin et al. 2015; Watson and Buxbaum 2015) , evidence on AR deficits has remained scarce (Heilman et al. 1982) .
Methodological challenges may have contributed to the mixed results of past lesion studies on AR. The involvement of executive functions and working memory may have influenced results in tests with a relatively high selection difficulty (Pazzaglia et al. 2008; Kalénine et al. 2010) , or in tasks involving the sequential presentation of stimuli (Buxbaum et al. 2005; Hickok 2009; Kalénine et al. 2010; Tarhan et al. 2015) . Moreover, tasks which required correcting for language comprehension deficits (e.g., matching actions to verbs; Rothi et al. 1985; Buxbaum et al. 2005; Kalénine et al. 2010; Tarhan et al. 2015) may have systematically underestimated the relevance of areas jointly related to aphasia and AR deficits (Duffy and Duffy 1975; Varney and Benton 1982; Duffy and Watkins 1984) . In addition, AR impairments are much more common in the acute compared to the chronic phase after stroke (Ferro et al. 1983) , indicating that the involvement of regions whose functions can be compensated in the course of recovery may be underestimated in chronic patients.
To overcome these issues, we prospectively evaluated 98 consecutive acute left-hemisphere stroke patients using a newly designed test which required patients to distinguish between correctly and incorrectly performed tool-associated actions depicted in short videos (Fig. 1) . Error categories comprised conceptual/semantic (e.g., spreading jam on toast with a paintbrush), and spatio-temporal errors (with further subcategories for orientation of the tool, hand configuration, and movement kinematics). Importantly, our task featured low selection difficulty, low demands on working memory, and was language-free.
In addition, patients were evaluated by means of an established test for actual tool use which, in analogy to the error categories for AR, included separate measures for tool-recipient matching (e.g., hammer-nail; conceptual score), and for spatiotemporal abnormalities during action performance (Goldenberg and Spatt 2009) . The data on actual tool use (but not AR) of 58/98 patients were included in a previous manuscript on tool use deficits in a large cohort of stroke patients (Martin et al. 2015) ; therefore, we here discuss actual tool use only insofar as necessary to delineate regions with overlapping importance for recognition and active performance.
In summary, our study aimed, first, to identify the regions crucial for conceptual (semantic) and spatio-temporal action aspects during AR. Second, our investigation was designed to clarify the areas differentially involved in the recognition of distinct spatio-temporal features (e.g., functional hand postures vs. movement kinematics). Third, we intended to elucidate commonalities and differences between areas related to AR and AP. Fourth, we sought to determine the impact of lesions to the fiber tracts connecting the regions of dorsal and ventral streams.
Based on previous results (e.g., Kalénine et al. 2010; Martin et al. 2015) , we, first, expected that posterior temporal and inferior parietal lesions would impair the detection of spatiotemporal errors, while anterior temporal damage would specifically affect the recognition of semantically incorrect actions. Second, given the role of the IPL for the processing of spatial relationships between body parts and objects (Goldenberg 2009 ), we anticipated a specific effect of inferior parietal lesions on the assessment of hand postures and tool orientation, while the appraisal of kinematic errors may rely comparatively more on regions related to the decoding of visually perceived biological motion (Puce and Perrett 2003) . Third, we hypothesized that active performance and recognition would be differentially susceptible to lesions affecting areas involved in motor control (e.g., the premotor cortex; PMC) and higher order visual analysis (e.g., LTC, respectively). Fourth, we predicted that spatiotemporal impairments across recognition and production would be linked to damage to dorsal stream association fibers, whereas and conceptual/semantic deficits would be more likely to result from lesions to fiber tracts connecting ventral stream regions (Kümmerer et al. 2013; Hoeren et al. 2014 ).
Materials and Methods

Subjects
Patients were recruited consecutively from the Department of Neurology at the University Medical Center Freiburg. Exclusion and inclusion criteria were the same as previously reported (Martin et al. 2015) . Briefly, patients with first-ever left-hemisphere infarct confirmed by magnetic resonance imaging (MRI) were considered for inclusion; see Supplementary Material for exclusion criteria. Based on these criteria, 102 patients received neuropsychological testing; of these, the data of 4 patients were excluded from the analyses due to failing the object recognition test (see below). Data on actual tool use (but not AR) of 58 of these were reported previously (Martin et al. 2015) . Normative data were obtained from a sample of 30 healthy elderly subjects (age mean ± SD 72.0 ± 7.2 years, min. 54, max. 87; 15 male, 29 right handed; SD, standard deviation) (Martin et al. 2015) . Full written consent was obtained from all patients and controls. In case of severe aphasia, detailed information was given to the patient's relatives or the legal guardian. The study was approved by the local ethics authorities.
Clinical and Behavioral Testing
See Table 1 for an overview of the AR and actual tool use scores obtained.
Action Recognition
AR was evaluated using a computer-based test comprising 24 trials. Each trial required participants to identify the correct out of 2 tool-associated actions presented as 4-s long movie clips. The videos were shown on a vertically oriented 13.3-in. tablet computer screen (Fig. 1) . The first video always appeared Figure 1 . Illustration of the video-based test used to assess recognition of tool-associated actions. During each trial, patients distinguished between correct actions and actions that included either semantic errors (A, AR.ToolSelect, semantically incorrect tools), or spatio-temporal errors (B, AR.ToolUse). Spatio-temporal error subtypes included orientation of the tool (AR.ToolUse.Ori), hand posture (AR.ToolUse.Hand), and movement kinematics (AR.ToolUse.Kin; in the given example, the flat iron was used wither with a typical back-and-forth movement, or moved to-and-away from the body with a partial rotation of the end of the iron).
on the upper half of the screen, and the second started on the lower half 1 s after the first video was finished. To reduce working memory load, the last frames of the videos remained visible after the videos had ended. Thus, during the presentation of the second video, the last frame of the first video stayed at the top of the screen, and at the end of the second video, the last frames of both videos were visible. After the second video had stopped, patients indicated the correct action by pointing to the top or bottom picture. If patients were unsure, the trial was repeated once. The examiner used the buttons of a computer mouse to repeat a trial or move to the next trial.
The 2 videos shown during a trial differed only with respect to one specific action feature. During the 12 trials of the conceptual/semantic condition (AR.ToolSelect), the 2 videos depicted the same action performed 2 different tools (e.g., cleaning a shoe with a sponge used for dishwashing vs. a typical brush, Fig. 1 ). In all semantic trials, the movement of the action matched either tool so that decisions required knowledge about object associations (e.g., both a sponge and a brush are used with a "brushing" motion, but in different contexts). In the other 12 trials, the incorrect videos included specific spatio-temporal errors (AR.ToolUse). Four trials each showed incorrect hand configurations (e.g., holding a paintbrush with a whole-hand drip instead of a precision grip; AR.ToolUse. Hand), atypical movement kinematics (e.g., moving the hand upward instead of downward when shaking a saltshaker; AR. ToolUse.Kin), or incorrect tool orientation (e.g., stirring coffee with the handle of a teaspoon; AR.ToolUse.Ori). In all trials, the action goals were equally achieved in both correct and incorrect videos (e.g., the nail was hammered in irrespective of the hammer orientation). Moreover, an effort was made to avoid that kinematic, configuration, or orientation errors made the actions look "awkward". Thus, we aimed to prevent that decisions could be made based on a mismatch between the structural object attributes and the spatio-temporal action features rather than based on knowledge about how tools are typically manipulated.
Order and timing of the appearances of the videos was controlled by the software Presentation (version 16; Neurobehavioural Systems Inc, Berkeley, CA; https://www. neurobs.com). The presentation order of the videos was pseudo-randomized and balanced to ensure that across the different trial types, correct and incorrect actions appeared on the top and bottom halves of the screen with identical frequency, and to avoid clusters of different trial types.
All videos were recorded in first person perspective (i.e., as if the observer were performing the action himself) using a Panasonic V100 camcorder and saved in a resolution of 720 × 576 pixels with a frame rate of 25 images/s.
With respect to scoring, 1 point was awarded for a correct response, and 0.5 points were given if patients were unsure after seeing the videos for the first time, but provided a correct answer after a repetition of the trial (see above). Consequently, the maximum overall score was 24 points (AR.Complete), and a maximum of 12 points each could be reached for either AR. ToolUse or AR.ToolSelect. Responses were recorded on a score sheet by the examiner. Prior to the start of the actual test, patients practiced on 6 separate items which could be repeated until the patient had understood the instructions (which was rarely necessary).
AR scores below the 5th percentile of normal controls were considered pathological ( Table 2 ). The statistical validity of the cutoff scores was, furthermore, confirmed using modified t-tests that are appropriate for samples of <50 (program Singlims_ES. exe, obtained from http://homepages.abdn.ac.uk/j.crawford/ pages/dept/SingleCaseMethodsComputerPrograms.HTM) (Craw ford and Howell 1998; Crawford et al. 2010 ) (for all cutoff scores, two-tailed P < 0.001 except for AR.ToolUse P = 0.001).
Actual Use of Tools (AP) As described previously (Goldenberg 2009; Martin et al. 2015) , patients were seated in front of a rack on which a nail, a screw, a padlock, a bolt, and a cord were fixed ("recipients"). All items could be manipulated by the appropriate tool (e.g., the screw could be turned). For each of the 5 trials, patients were handed a tool that matched one of the recipients, for example, a hammer or scissors, and were asked to use it on one of the objects on the rack. The matching recipient was indicated by the examiner if patients were unable to make the correct selection. Two scores were obtained. First, for AP.ToolSelect, 2 points were credited if the patient moved the tool promptly to the correct recipient, or 1 point if the correct recipient was selected after a period of trial and error. Second, for AP.ToolUse, 2 points were given for a flawlessly performed action, and 1 point if the action goal was achieved with hesitation or trial and error. In addition, AP.ToolUse errors were further classified into separate categories for hand configuration (AP.ToolUse.Hand), kinematics (AP.ToolUse.Kin), orientation (AP.ToolUse.Ori), nonrecognizable movements (AP.ToolUse.NR), or perplexity (AP. ToolUse.P) (see Table 1 ). The scoring system also has a category for semantically incorrect movements (AP.ToolUse.S), but as in a previous study (Martin et al. 2015) , semantic errors were not observed. Cutoff scores (Table 2) were taken from Martin et al. (2015) . The overall score (AP.Complete) was calculated by adding AP.ToolSelect and AP.ToolUse (max. 20 points). In addition, since perplexity or non-recognizable errors may, putatively, occur not only due to severe damage to stored action representations, but also due to an inability to retrieve suitable actions (Hoeren et al. 2014; Martin et al. 2015) , alternative AP.ToolUse scores taking into account only Hand, Kin, and Ori errors were also calculated. All patients were tested by 1 of 5 specially trained occupational therapists. The performances of 93/98 patients were recorded on video and scored separately by 2 raters, 1 of whom was blind to the lesion location. Similar to previous studies (Goldenberg and Spatt 2009; Martin et al. 2015) , inter-rater reliability calculated with Cohen's kappa was substantial (0.852, 0.791, and 0.788 for AP.ToolSelect, AP.ToolUse, and AP. Complete, respectively; P < 0.001). Items scored differently were jointly reviewed to establish a consensus rating. The performances of the remaining 5 patients who declined being recorded on video were rated directly by the examiner.
Additional Tests
The Corsi block tapping test was performed for short term and working memory (Kessels et al. 2000 (Kessels et al. , 2008 . To control for object recognition, patients were given the 8 items of subtest 11 of the Birmingham Object Recognition Battery which are based on objects associated with learned skilled manual actions (Piano, Umbrella, Key, Wristwatch, Pipe, Pen, Hat, Shoe) (Riddoch and Humphreys 1993) ; patients with scores below 6/8 were excluded from further analyses (n = 4; see e.g., Heilman et al. 1997 for a similar approach). Aphasia was determined in 89/98 patients using the Token Test of the Aachen Aphasia Battery (Huber et al. 1984) ; the remaining 9 could did not receive testing for aphasia due to rapid discharge (n = 6), severe deficits (n = 2), and non-German native language (n = 1). For these patients, the reports of the non-standardized assessments routinely performed by speech therapists on the ward were reviewed. Overall severity of neurological deficits and disability was assessed with the National Institutes of Health Stroke Scale Score (NIHSS), the modified Rankin scale (mRS), and the Barthel Index.
MRI Data Acquisition
Lesions were mapped on MRI scans obtained mean ± SD 2.8 ± 2.6 days post symptom onset (min. 0, max. 11 days) on either a 3-T Trio or a 1.5-T Avanto scanner (Siemens, Germany). Diffusion-weighted imaging (DWI) was obtained in 97/98 patients, fluid attenuated inversion recovery (FLAIR) in all patients, and high-resolution T 1 anatomical scans in 94/98 patients (see Supplementary Material for technical specifications).
Lesion Analysis
We used the same approach as described previously (Hoeren et al. 2014; Martin et al. 2015 ; see Supplementary Material for details). Briefly, lesions were delineated on DWI scans (or, in the one case without DWI scan, the FLAIR image) and normalized using parameters obtained from the high-resolution T1 scans (or, when unavailable, the FLAIR images) using the DARTEL (diffeomorphic anatomical registration through exponentiated lie algebra; Ashburner 2007) approach implemented in the VBM8 toolbox (r435, http://dbm.neuro.uni-jena.de/vbm/ download/).
For voxel-based lesion-symptom mapping (VLSM), we used the Brunner-Munzel test implemented in the non-parametric mapping software distributed with MRIcron (version 12/12/ 2012) ) to determine voxels with a significant difference in the distribution of the behavioral scores depending on whether the voxel was lesioned or intact. Similar to past studies (Hoeren et al. 2014; Martin et al. 2015) , all voxels affected in at least 5 patients were analyzed; there was no cluster level correction for this criterion. Separate Brunner-Munzel analyses were performed for each of the behavioral scores (Table 1 ). An additional analysis was calculated for lesion volume to identify regions systematically associated with large lesions. Lesion locations associated with aphasia were determined by a voxel-wise Brunner-Munzel analysis with the Token Test percentile ranks available for 89 patients, as well as by performing a Liebermeister test with the binary clinical measure of aphasia which was available for all 98 patients (see Supplementary Fig. 7 for results; see Goldenberg and Randerath 2015 for similar data). Moreover, pairs of scores were entered into logistic regression analyses to determine regions specifically associated with one score relative to another score. Logistic regression analyses allow for the analysis of the variance in one score (the predictor variable) while controlling for the variance of the second score (entered as covariate). Pairs of scores entered into the logistic regression analyses included AR.ToolSelect versus AR.ToolUse, AR.ToolUse.Kin versus AR.ToolUse.Hand, AP.ToolSelect versus AP.ToolUse, as well as pairs of analogous AR and AP scores (e.g., AR.ToolSelect vs. AP.ToolSelect). Furthermore, to account for a possible influence of lesion size, separate logistic regression analyses were calculated for the different behavioral scores using lesion volume as covariate.
To quantify the relevance of different anatomical areas, the percentage of voxels within different regions of the automatic anatomical labeling (AAL) atlas (Tzourio-Mazoyer et al. 2002) was calculated for each statistical results map (Supplementary Material).
To further explore regions with differential relevance to recognition or actual performance, overlaps of the lesions of patients with dissociating performances in analogous subtasks were created; dissociations were defined as a pathological score in one task with normal performance in the second task (e.g., AR.ToolSelect deficient, AP.ToolSelect normal). In contrast to the logistic regression analyses described above, lesion overlaps do not represent a statistical measure of a region's specific relevance for 1 versus another score, but are a merely descriptive illustration of the areas where lesions are found in patients with behavioral dissociations. Moreover, as lesion overlaps are based on only a subset of patients which are characterized using a simplified dichotomous behavioral classification (deficit/no deficit rather than continuous scores), a substantial part of the data is not represented in the results. Finally, lesion overlaps may include regions that are not directly related to behavioral deficits, but, instead, are frequently lesioned in general (e.g., because of their vasculature; in our study, the fronto-insular region) (Rorden and Karnath 2004 ; see also Results). Nonetheless, despite these disadvantages, when cautiously interpreted, lesion overlaps are considered a valuable tool for exploring sub-threshold effects that fail to reach significance in logistic regression analyses (see e.g., Martin et al. 2015 for a related discussion; see also e.g., Karnath and Perenin 2005; Goldenberg and Karnath 2006; Goldenberg et al. 2007; Fazio et al. 2009 ). Additionally, by providing anatomical information about patients with dissociations between AR and AP deficits, our study extends influential previous reports that, however, focused exclusively on behavioral data (e.g., Negri et al. 2007) .
To capture the impact of lesions to the association fibers involved in ventral and dorsal streams, we determined the overlap between the VLSM maps and masks reflecting the combined results from 2 previous fMRI/diffusion tensor imaging (DTI) studies on language and AR in healthy individuals Saur et al. 2008; Hoeren et al. 2013 ; see Rijntjes et al. 2012 for similar combined maps; see also Vry et al. 2015) . The dorsal fiber system connects angular gyrus and superior temporal gyrus (STG) to the PMC; the ventral tract connects posterior middle temporal gyrus (pMTG) to the anterior inferior frontal gyrus.
Results were displayed on an in-house average template of 50 nonlinearly normalized T1 scans from a sample of healthy subjects who had participated in other studies in our laboratory (age, mean ± SD 47 ± 20.75, range 22-84 years; 25 male) .
Results
Demographic and Behavioral Results
See Tables 2 and 3 for an overview of the demographic and behavioral data; see Supplementary Material for an evaluation of potential confounds (e.g., gender, lesion volume).
Most AR and active performance scores were significantly correlated (Supplementary Table 2) ; nevertheless, double dissociations between AR and actual tool use deficits were observed in several patients (see below).
Lesion Anatomy
Lesion Distribution
As in previous studies (Goldenberg and Spatt 2009; Hoeren et al. 2014; Martin et al. 2015; Martin et al. 2016) , the lesion distribution reflected the territory of the left middle cerebral artery (MCA) (Supplementary Fig. S2A ; see Supplementary Fig. 1 for the distribution of the lesion volumes). Consistent with the course of the MCA, larger infarcts (caused by proximal MCA occlusions) systematically included insula and periinsular cortex ( Supplementary Fig. 2B ).
Action Recognition See Fig. 2 for an overview of the VLSM results for AR and actual tool use. While AR (AR.Complete) was susceptible to lesions in variable locations covering temporal, frontal, and parietal lobes (Fig. 3A) , the largest number of significant voxels was situated within the middle and superior temporal regions (Supplementary Table 3 ). Subscore analyses revealed a unique association between conceptual/semantic AR deficits (AR. ToolSelect) and damage to the ATL as well as around the inferior frontal junction zone (Brass et al. 2005) (Fig. 3B) . Conversely, deficient spatio-temporal error discrimination (AR.ToolUse) resulted mainly from lesions to posterior superior temporal sulcus and gyrus (pSTS and pSTG, respectively), pMTG, anterior inferior parietal lobule (aIPL), insula, as well as frontal operculum and vPMC (Fig. 3B) . Within the network of regions linked to AR.ToolUse, aIPL lesions were specifically related to hand posture recognition deficits (AR.ToolUse.Hand), whereas pSTS/STG damage was uniquely associated with impaired assessment of action kinematics (AR.ToolUse.Kin) (Fig. 3C) . At a lowered threshold of P < 0.05 uncorrected, deficient recognition of incorrect tool orientation (AR.ToolUse.Ori) was also linked to damage around the pSTS/STG, as well as to the region around the border between occipital and temporal or parietal lobes (Fig. 3C ).
Actual Tool Use (AP) As previously described (Martin et al. 2015 ; see also Goldenberg and Spatt 2009 ) the execution of tool-associated actions (AP. ToolUse) was susceptible only to IPL and vPMC lesions; conversely, active tool-recipient matching (AP.ToolSelect) was additionally related to temporal lobe lesions ( Supplementary  Fig. 5B ). The results for the alternative AP.ToolUse score which reflected only Hand, Kin, and Ori errors, but not nonrecognizable or perplexity errors (see above), were highly similar to those found for the AP.ToolUse scores determined taking into account all error categories (not shown). No regions were significantly associated with single spatio-temporal error types (AP.ToolUse.Hand/Kin/Ori) or the rarely observed perplexity (P) errors (n = 3, Table 2 ); the analyses for non-recognizable errors (NR) again yielded similar results compared to the overall AP. ToolUse scores (data not shown).
Logistic Regression Analyses
Compared with AR, actual tool use (AP) was more affected by fronto-parietal lesions (Fig. 3) . By contrast, no regions were more strongly associated with AR deficits when applying the false discovery rate (FDR) corrected threshold of P < 0.05. At an exploratory threshold of P < 0.05 uncorrected, however, a potentially specific impact of posterior temporal and occipio-parietal/occipito-temporal lesions was evident. Similar results emerged when comparing semantic and spatio-temporal subscores ( Supplementary Fig. 5 ).
No significant regions were found in the analyses with pairs of AR subscores (i.e., AR.ToolSelect vs. AR.ToolUse, or AR. ToolUse.Hand vs. AR.ToolUse.Kin), when determining areas associated with AP.ToolSelect with AP.ToolUse as covariate and vice versa, or when using lesion volume as covariate.
Lesion Overlaps of Patients with Behavioral Dissociations
To further assess possible sub-threshold differences between AR and performance (AP), we determined the areas where the lesions of patients with behavioral dissociations overlapped (Fig. 5) . Corroborating the results of the logistic regression analyses, IPL and lateral temporo-occipital cortex were differentially relevant for actual tool use and AR. Of note, lesions affecting anterior insula, frontal operculum, and PMC were present to varying degrees in all groups of patients in the lesion overlaps, reflecting that in line with the course of the MCA, the fronto-insular region was generally most frequently affected in our cohort of patients ( Supplementary Fig. 2A) . Moreover, as damage to anterior insula and frontal operculum was systematically associated with larger lesion volumes (caused by more proximal MCA occlusions) ( Supplementary Fig. 2B ), disentangling specific sequelae of fronto-insular damage from effects mediated by lesion volume is difficult in our study. Overall, fronto-insular lesions areas seemed to exert a mainly unspecific disabling effect on all behavioral measures (compare VLSM results in Fig. 2 and Supplementary Fig. 4) , that, however, was somewhat more pronounced for actual tool use compared to recognition (see results of the regression analyses, Fig. 4 ; see also discussion).
Association with Fiber Tracts Involved in Dorsal and Ventral Streams
The middle and superior temporal regions related to AR. ToolSelect, AR.ToolUse.Kin, and AP.ToolSelect were situated mainly lateral to the fibers running through the extreme capsule Table 1 and Fig. 1 ). The maps were created by applying thresholds of P < 0.05 uncorrected (blue) and P < 0.05 FDR corrected (hot). For more detailed depictions of the VLSM results including axial slices and legends, see Fig. 3 and Supplementary Fig. 4 . n.s., no significant results.
( Supplementary Fig. 6 ). Conversely, the patterns of voxels that involved the IPL (i.e., AR.ToolUse/AR.ToolUse.Hand, AP. ToolSelect, AP.ToolUse) also encompassed the subjacent superior longitudinal fascicle. For all cognitive motor scores, the highest levels of statistical significance were found in or near the cerebral cortex rather than in the subcortical white matter (Fig. 3) .
Discussion
We used VLSM (Rorden and Karnath 2004; Rorden et al. 2007 ) in 98 stroke patients to delineate the regions crucial for the processing of spatio-temporal and conceptual action features during the observation of tool-associated actions (Fig. 1) , as well as during active tool use. In contrast to previous VLSM studies on AR (Pazzaglia et al. 2008; Kalénine et al. 2010 Kalénine et al. , 2013 Tarhan et al. 2015) , we investigated acute patients to avoid underestimating the relevance of areas whose functions may have shifted to other regions during post-stroke recovery (Ferro et al. 1983 ; see e.g., Kümmerer et al. 2013; Hoeren et al. 2014; Martin et al. 2015 for related discussions). Moreover, this is the first study in which regions associated with different types of spatio-temporal AR deficits (e.g., hand posture or kinematics) were determined.
Distinct Streams for the Recognition of Spatio-temporal and Semantic Action Features
The differential impact of lesions within ventro-dorsal and ventral stream areas on the recognition of spatio-temporal and semantic errors, respectively (Fig. 3B) , indicates that on a ventral-to-dorsal axis, the recognition of tool-associated actions follows similar organizational principles compared to other cognitive motor skills (e.g., Hoeren et al. 2014; Martin et al. 2015; Vry et al. 2015; Martin et al. 2016) , as well as compared to tasks from other modalities such as language (for reviews, see e.g., Weiller et al. 2011; Rijntjes et al. 2012) .
The selective association between damage to the ATL and impaired semantic error discrimination (AR.ToolSelect, Fig. 3B ) suggests that the role of the ventral stream for the processing of semantic knowledge extends to AR (Patterson et al. 2007; Hickok 2009; Hickok and Hauser 2010; Weiller et al. 2011; Rijntjes et al. 2012; Hoeren et al. 2013; Lambon Ralph 2014) . Our results are in accord with the impairments in conceptual tool tasks (e.g., matching tools to recipients) described in patients with anterior temporal damage due to semantic dementia and stroke (Sirigu et al. 1991; Hodges et al. 1999 Hodges et al. , 2000 Bozeat et al. 2002; Hoeren et al. 2014; Martin et al. 2015 Martin et al. , 2016 . The additional regions associated with AR.ToolSelect, that is, the more posterior middle temporal gyrus and the area around the caudal end of the middle frontal gyrus, are likely involved in semantic control functions (Noonan et al. 2013 ), such as the retrieval of task-relevant semantic information (e.g., in our task, accessing information about typical toolrecipient combinations while suppressing irrelevant knowledge on the tool's function) (Gold et al. 2006; Noonan et al. 2013) , or the resolution of conflict between competing information (e.g., between the correct action and the incorrect tool-recipient relationship) (Brass et al. 2005) .
The relevance of the ventro-dorsal stream for the appraisal of spatio-temporal errors (Fig. 3B ) confirms previous findings in chronic stroke patients (Kalénine et al. 2010) . However, as we discuss in greater detail in the next section, our study for the first time demonstrates the differential contributions of distinct ventro-dorsal stream regions to specific spatio-temporal features.
Dissociation Between Areas Related to the Recognition of Different Spatio-temporal Errors
Within the ventro-dorsal stream, we found selective associations between aIPL lesions and hand posture discrimination deficits, as well as between lateral temporal damage and impaired recognition of kinematic errors (Fig. 3C) . Conversely, vPMC lesions had an unspecific effect on all error types (see above and Fig. 3) .
The selective impact of inferior parietal damage on the recognition of functional grips (AR.ToolUse.Hand) is consistent with the importance of the IPL for apprehending and monitoring spatial relations between different body parts and objects during both the observation and the active performance of a broad range of movements (Goldenberg 2001; Goldenberg 2009 Goldenberg , 2013 . Thus, the left IPL was shown to be relevant for imitation and discrimination of meaningless hand and finger postures (Hermsdörfer et al. 2001; Mühlau et al. 2005; Vanbellingen et al. 2014; Weiss et al. 2013; Goldenberg and Randerath 2015) , as well as for the manipulation of actual tools or meaningless objects (Goldenberg and Spatt 2009; Martin et al. 2015; SalazarLópez et al. 2016) . In addition, the IPL may contribute to storing spatio-temporal characteristics of skilled actions, including functional hand configurations (e.g., the grip used to use a pen when writing) (Heilman et al. 1982; Sirigu et al. 1995; Buxbaum et al. 2003 Buxbaum et al. , 2005 Hoeren et al. 2014; van Elk 2014 ; although see Buxbaum et al. 2014 for more recent, contrary evidence). These action representations may be formed during motor learning (Buxbaum et al. 2007) , and may afford faster, more robust and To explore potential sub-threshold effects, voxels not meeting this criterion but surviving the less stringent threshold of P < 0.05 uncorrected are shown in blue.
less feedback-reliant processing in frequently recurrent situations (Hermsdörfer et al. 2013; Hermsdörfer 2014) . Our study design did not allow us to differentiate whether patients who were unable to discriminate functional grip configurations during AR were impaired at the level of apprehending the spatial relationships between hand, fingers and tools, or were deficient with respect to comparing the perceived grips to stored representations of hand configurations (i.e., a process involving knowledge of how tools are typically held). Therefore, further research is necessary to resolve this issue.
The VLSM results for the recognition of kinematically incorrect actions (AR.ToolUse.Kin, Fig. 3 ) are in agreement with the relevance of the posterior LTC for the processing of visual motion (for reviews, see e.g., Grill-Spector and Malach 2004; Beauchamp and Martin 2007) . Within the LTC, area hMT+ at the occipito-temporal junction is involved in motion perception (Grill-Spector and Malach 2004) , and the more anteriorly situated pMTG region is thought to represent patterns of toolrelated motion (Martin et al. 1995; Beauchamp et al. 2003; van Elk et al. 2014 ). Moreover, posterior STG and sulcus are specialized for the processing of biological motion (Puce and Perrett 2003; Saygin 2007; Jastorff and Orban 2009; Jastorff et al. 2012; Engell and McCarthy 2013; Deen et al. 2015) . During action observation, LTC regions may, therefore, decode the visual motion of tools and body parts, and compare the perceived movement patterns to existing visual action representations.
While the association between impaired recognition of toolorientation errors (AR.ToolUse.Ori) and damage at the occipitoparietal junction (Fig. 3C) corroborates previous fMRI results (Valyear et al. 2006) , the relation between LTC lesions and AR. ToolUse.Ori was, to the best of our knowledge, not previously reported. The low statistical significance of the results for AR.ToolUse.Ori may have resulted either from a relatively poor sensitivity of the test items (Tables 2 and 3) , or, alternatively, may suggest that tool orientation is processed in regions rarely affected by lesions in our cohort of patients. Consequently, more studies are needed to further assess the validity of the exploratory results presented here.
Recognition and Active Performance of Tool-Associated Actions Partly Dissociate
Both regression analyses and lesion overlaps (Figs 4 and 5) consistently indicated dissociating effects of inferior parietal and temporo-occipital lesions on actual tool use and AR, respectively. Conversely, while the logistic regression analyses (Fig. 4 and Supplementary Fig. 5 ) pointed to a greater relevance of the PMC for active performance, lesion overlaps also revealed frequent premotor damage in patients with selectively impaired recognition (whereas the PMC even appeared less affected in patients with selective AP deficits; Fig. 5 ). Given that PMC and anterior insula damage was associated with lower scores across all behavioral tests (Figs. 2 and 3, Supplementary Fig. 4 ), frontoinsular lesions seemed to exert a mainly unspecific effect (see e.g., Geranmayeh et al. 2014; Brownsett et al. 2014 for related accounts; see also results section for additional comments).
Our results, therefore, challenge previous proposals stating that the IPL stores "visuo-kinesthetic motor engrams" (i.e., representations of the crucial spatio-temporal features of skilled learned actions) that are equally required for AP and AR, whereas the PMC mediates the conversion of motor engrams into actual motor output and, consequently, is only relevant for AP (Heilman et al. 1982; Rothi et al. 1985; Heilman and Rothi 2003) . Rather, the particular impact of inferior parietal lesions on action performance may be explained by deficient motor control. Thus, during actual tool use, the IPL integrates multimodal sensory information to maintain a constantly updated map of the spatial alignment of body parts, tools, and objects (for review, see Goldenberg 2009 Goldenberg , 2013 . In addition, the IPL may code representations of learned actions in an egocentric sensory format (i.e., what performing an action typically feels like in terms of tactile and proprioceptive input) (Buxbaum 2001) , whereas the LTC holds visual representations of the typical kinematics of observed actions performed by others (Puce and Perrett 2003; Hickok 2009 ; see also above).
White Matter Tracts
Although the lesion locations related to cognitive motor deficits extended into the subcortical white matter, the highest levels of significance were estimated within or near the cerebral cortex (Fig. 3) . This result contrasts the subcortical peak voxels found in a recent VLSM study on language deficits (Kümmerer et al. 2013) , and, consequently, may indicate that toolassociated skills are less susceptible to network dysfunctions caused by disrupted fiber tracts compared to language repetition or comprehension.
While the patterns of voxels associated with recognition and active performance scores did not affect the entire crosssectional plane of the ventral tract, the dorsal fiber bundle was nearly completely engulfed by significant voxels for the tasks that were susceptible to IPL damage, that is, AR.ToolUse/AR. ToolUse.Hand, AP.ToolSelect, and AP.ToolUse ( Supplementary  Fig. 6 ). Tentatively, this finding may be consistent with the idea that these tool-related skills are sensitive to a disconnection between IPL and vPMC (Heilman et al. 1982; Garcea and Mahon 2014) . However, limiting this conjecture, embolic infarcts rarely lead to purely cortical damage, but often additionally encompass subcortical regions; thus, unequivocally teasing apart the differential roles of cortex and association fibers may be difficult in VLSM studies.
Conclusion
As predicted, our results confirmed that the recognition of skilled tool-associated actions involves distinct ventral and dorsal streams for the evaluation of conceptual action aspects (i.e., semantic relationships between tools and objects) and spatio-temporal action features (i.e., type of grip used to hold a tool, tool orientation, and action kinematics). Importantly, for the first time, our study revealed dissociable roles of ventrodorsal stream areas for AR. Thus, in line with the differential relevance of IPL and LTC for the processing of spatial body part configurations (Goldenberg 2009 ) and for the decoding of visually perceived biological motion (Puce and Perrett 2003) , respectively, only the assessment of functional hand configurations relied on the IPL, while the appraisal of action kinematics depended exclusively on the LTC. Moreover, as anticipated due to varying demands on motor control and on higher order visual analysis, active performance and recognition of tool use were differentially susceptible to parietal and lateral temporooccipital lesions, respectively. Finally, tool-related deficits were mainly linked to cortical damage while lesions to subcortical association fibers seemed less relevant.
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